patients with type 1 diabetes, it was reported that the day-today variability of the glucose-lowering effect under steady state conditions was 4 times lower in insulin degludec-treated patients than insulin glargine-treated patients. 7 These earlier studies evaluated HbA1c, fasting plasma glucose, and 9-point self-monitoring of blood glucose (SMBG) as indices of glycemic control. [3] [4] [5] [6] [7] HbA1c and SMBG are standard indices of glycemic control, but do not provide detailed assessment of changes in plasma glucose throughout the day. Also, in a comparative study of continuous glucose monitoring (CGM) of Japanese patients with type 1 diabetes, it was reported that lower doses of insulin degludec achieved the equivalent glycemic control as insulin glargine. 8 In that study, the patients consumed a test meal during CGM. However, the daily meals and activity levels of outpatients are not constant in real-life conditions. In particular, insulintreated patients usually adjust their insulin dose according to their meal content and activity level. Therefore, it is important to compare the efficacies of various insulin analogs in real-life conditions.
The current study examined Japanese diabetic outpatients in the insulin-dependent state who were treated with insulin glargine and insulin degludec in a crossover manner to compare the glucose-lowering effects, glycemic stability, and daily insulin doses between insulin degludec and insulin glargine in everyday life.
Methods

Subjects
Diabetic patients in the insulin-dependent state, mainly with type 1 diabetes, who were treated with a basal-bolus insulin regimen at Kitasato Institute Hospital were enrolled in the study. Patients with diabetic nephropathy exceeding stage III (urinary albumin ≥300 mg/g creatinine or urinary protein ≥0.5 g/g creatinine) or with abnormally elevated aspartate aminotransferase/alanine aminotransferase (3 × the upper limit of normal) were excluded from the study. All patients received an explanation of the procedures and possible disadvantages of participating in the study and gave written informed consent before enrollment. This study was approved by the Institutional Review Board of Kitasato Institute Hospital and was performed in accordance with the principles of the Declaration of Helsinki.
Study Design
Patients were pseudo-randomly assigned to 1 of 2 sequences in which each patient's former basal insulin was discontinued and replaced with either insulin glargine (sequence I) or insulin degludec (sequence II). After 2 weeks of treatment, the basal insulin was switched to the other insulin. Patients were asked to continue their other antihyperglycemic medications without changing their doses throughout the study.
To compare insulin degludec to insulin glargine under the same conditions, the doses of these long-acting insulin analogs were not changed. Seventy-two-hour CGM was performed ≥14 days after switching the basal insulin. The study drugs were switched the day after completing the first CGM period ( Figure S1 , available in the supplemental materials online). Patients were asked to continue the following rule of usual medical treatment. In usual medical practice, patients decide their bolus insulin dose based on carbohydrate insulin ratio (for 10 g of carbohydrates per 1 unit) at the time of initiation of insulin therapy. In addition, based on each preprandial SMBG, they decide the correction bolus dose from their insulin sensitivity factor. Afterward, they regulate the dose taking into account carbohydrate quantity, their lifestyle, their experience, and the target value of 100 mg/dL with SMBG. During the CGM period, patients recorded the content of their meals and their levels of physical exercise in a diary.
The CGM sensor (CGM iPro2; Medtronic, Northridge, CA) was applied to the abdominal area by a certified diabetologist. Patients were instructed to measure their capillary blood glucose using finger sticks (Medisafe Mini, Terumo, Tokyo, Japan; Accu-Chek Compact Plus, Roche Diagnostics, Tokyo, Japan) at least 4 times per day (at mealtimes and at bedtime). All patients used the CGM in outpatient settings.
Patients were asked to continue their usual daily life, except to keep their lifestyles as similar as possible during both treatment periods.
Fifteen Japanese patients were enrolled in the study (10 with type 1 diabetes, 4 with slowly progressive insulindependent diabetes, and 1 who had undergone a total pancreatectomy). Two patients with type 1 diabetes were excluded from the analyses because of protocol violation (misuse of basal insulin). Therefore, 13 patients (6 in sequence I and 7 in sequence II) completed the study. Patient characteristics are shown in Table 1 . Antibody positivity and random serum C-peptide levels of patients are shown in Table S1 (available in the supplemental materials online). The insulin type and dose of each patient before the study are shown in Table S2 .
Glycemic Control
Glycemic control was assessed in terms of mean blood glucose (MBG), preprandial blood glucose (PPBG), the area under the glucose concentration curve >140 or >180 mg/dL (AUC >140 mg/dL and AUC >180 mg/dL ), and the percentage of time with blood glucose (BG) >140 or >180 mg/dL (t >140 mg/dL and t >180 mg/dL ). The AUC was calculated using the trapezoidal method.
Glycemic Variability
Intraday glycemic variability over 48 hours was assessed as the standard deviation (SD) and mean amplitude of glycemic excursions (MAGE). MAGE, as described by Service et al, 9 is probably most appropriate for detecting major glucose excursions that are calculated as the arithmetic mean of differences between consecutive peaks and nadirs, providing the differences are greater than the SD around the mean values. Day-to-day BG variability was assessed as the mean of daily difference (MODD). MODD, described by Molnar et al, 10 is the mean of the absolute difference between glucose values taken at the same times on 2 consecutive days. Intraday glycemic variability during the nighttime and daytime were assessed as SD and the day-to-day variability was assessed as MODD.
Hypoglycemia
Hypoglycemia was defined as a sensor value of ≤70 mg/dL and AUC <70 mg/dL . Total hypoglycemic time was calculated as total time with values of ≤70 mg/dL. Severe hypoglycemia was defined as a sensor value of ≤50 mg/dL, and severe 
Statistical Analysis
Differences between the 2 insulin analogs were analyzed using the Wilcoxon signed-rank test, unless otherwise stated. Values on days 2 and 3 were used for analyses. Nighttime was defined as 6 hours before breakfast, and daytime was defined as the remaining 18 hours. All values are mean ± SD. A P value of <.05 was considered statistically significant. SPSS software 16.0J (SPSS Japan Inc, Tokyo, Japan) was used for all statistical analyses. The nourishment components of meals recorded during the CGM period were analyzed by registered dietitians, and differences between the 2 insulin analogs were analyzed in the same manner as above.
Results
Patient Characteristics
There were no significant differences between sequence I and sequence II groups, except for age (Table S3 ). Because there were no carryover effects or treatment-period interactions, the data obtained in both sequences were combined for the analyses. The mean duration of dosing was 55.8 days for insulin degludec and 51.9 days for insulin glargine. There were no significant changes in BMI or glycemic control indices during the treatment periods (Table 2 ). There were no significant differences in nourishment components of meals recorded between the CGM periods of both treatment arms (Table S4) .
Glycemic Control
MBG, PPBG, AUC >180 mg/dL , AUC >140 mg/dL , t >180 mg/dL , and t >140 mg/dL , which were calculated from CGM data, were not significantly different between the 2 insulin analogs ( Table 3 ). The results were not affected by sex. Figure 1A shows mean daily profiles on days 2 and 3. Figure 1B shows mean daily profiles after aligning the curves from the time of injecting basal insulin in 9 patients who injected their basal insulin once daily. Basal insulin injection times and meal times of each patient are shown in Tables S5 and S6. The difference in MBG between the 2 insulin analogs was greatest at 12 hours after injection ( Figure 1B ). There were no significant differences in glycemic control during the nighttime or daytime between the 2 insulin analogs ( Table 3) .
Glycemic Variability
SD, MAGE, and MODD values were not significantly different between the 2 insulin analogs ( Table 3 ). There were no significant differences in indices of glycemic variability during the nighttime and daytime between the 2 insulin analogs ( Table 3 ).
Insulin Dose
The total daily insulin dose (TDD; U/kg/day) and the total daily bolus insulin dose (TDBD; U/kg/day) were significantly lower during treatment with insulin degludec than during treatment with insulin glargine (TDD: 0.42 ± 0.20 vs 0.46 ± 0.22 U/kg/day, P = .028; TDBD: 0.27 ± 0.13 vs 0.30 ± 0.14 U/kg/day, P = .036; Table 2 ). The mean total basal insulin dose was identical for both insulin analogs.
Hypoglycemia
There were no significant differences between the 2 insulin analogs in terms of overall hypoglycemic parameters. The absence of differences remained after dividing the results into nighttime and daytime groups. Severe hypoglycemic time was also similar between the 2 insulin analogs ( Table 3 ).
Discussion
We compared the glucose-lowering effects, glycemic stability, and insulin doses of insulin degludec and insulin glargine using CGM to assess glycemic and hypoglycemic indices. Because the lifestyles of outpatients vary, the meals and activities were not standardized to ensure that the results were representative of real-life conditions. There were no significant differences between insulin degludec and insulin glargine in terms of glycemic control, glycemic variability, and hypoglycemic indices. These results are inconsistent with those of prior studies, which report that the frequency of nocturnal hypoglycemia was significantly lower with insulin degludec than with insulin glargine, despite equivalent glycemic control. [3] [4] [5] The differences in results between the previous studies and the current study may be because hypoglycemia was evaluated over different periods of time (including asymptomatic hypoglycemia) in this study using CGM, whereas SMBG was used in the prior studies. It is important to consider asymptomatic hypoglycemia when comparing hypoglycemic variables because it often occurs in elderly patients and in patients with repeating hypoglycemia. In addition, a prior study reported that the intraday variability of the glucose-lowering effect was smaller with insulin degludec than with insulin glargine, 7 but the authors performed only hyperinsulinemiceuglycemic clamps. Our results suggest that these differences do not have a substantial impact on glycemic control in real-life conditions where meals and activities cannot be standardized.
In the present study, indices of glycemic control measured during the day tended to show a lower tendency in the insulin degludec treatment period compared with the insulin glargine treatment period ( Table 3 ). Considering that this might be a clinically important difference, although not statistically significant, we visually inspected the 24-hour glucose profiles. Most of the patients who injected their basal insulin once daily did so at bedtime. As shown in Figure 1B , the glucose level was lower with insulin degludec than with insulin glargine from 9 to 23 hours after injection. These results indicate that, when injected at bedtime, insulin degludec has a stronger glucose-lowering effect in the daytime, even though the differences were not statistically significant. In addition, considering the timing of the trough of blood glucose, it appears that the peak action of insulin degludec is 12-13 hours after injection, as compared with 5-6 hours (at the first trough) for insulin glargine.
As there were no differences in the daily doses of insulin degludec and insulin glargine, differences in the TDD were because of differences in the TDBD. Because we enrolled patients with impaired endogenous insulin secretion, they were allowed to self-regulate their bolus insulin doses for safety reasons. Considering that most patients used carbohydrate counting to adjust their bolus insulin dose, it is possible that there were differences in the correction bolus, which might depend on the PPBG level and the SMBG level, between the 2 basal insulin analogs. Although the PPBG level and the SMBG level were not significantly different, they tended to be lower with insulin degludec (Tables 3, S7 ). There were no significant differences in the nourishment components of meals recorded between the CGM periods for each treatment arm (Table S4) . It is therefore possible that the PPBG decreased to a greater extent during treatment with insulin degludec, and that patients reduced their bolus insulin dose to compensate for this reduction in PPBG. These results imply that it is possible to maintain equivalent glycemic control by reducing the bolus insulin dose when switching from insulin glargine to the same dose of insulin degludec. Indeed, a previous study suggested that the bolus insulin requirement decreases when switching from insulin glargine to the same or a lower dose of insulin degludec. 11 Furthermore, in an earlier study that adjusted the basal and bolus insulin doses, the TDD and the total daily basal insulin dose were significantly lower, under equivalent glycemic control, with insulin degludec than with insulin glargine. 3 Although a direct comparison is impossible because we used a fixed basal insulin dose, it is possible that the TDD is lower with insulin degludec than with insulin glargine under equivalent glycemic control conditions. These results suggest that the same doses of insulin degludec and insulin glargine can achieve equivalent levels of glycemic control through reductions in the TDD and TDBD in Japanese diabetic outpatients in the insulin-dependent state.
As type 1 diabetes usually emerges in childhood or early adulthood, insulin treatment is essential for the duration of the patient's lifetime. Even small changes in the daily dose translate into substantial changes in the patient's total lifetime dose.
There are concerns over the opposing physiological effects of insulin, such as the promotion and restraint of arteriosclerosis. Some epidemiologic studies have revealed that hyperinsulinemia is a risk factor for coronary disease and cerebral infarction. [12] [13] [14] In addition, it was suggested that hyperinsulinemia-induced oxidative stress contributes to arteriosclerosis in low insulin-resistant states such as high obesity. 15, 16 Therefore, it is necessary to carefully select what type of insulin a patient should receive, bearing in mind the possibility that an increase in the insulin dose might contribute to the progression of arteriosclerosis, especially in patients with other risk factors for arteriosclerosis (e.g., obesity, dyslipidemia, history of smoking, and hypertension). Long-term studies evaluating the relationship between both insulin analogs examined in the current study and the risk of arteriosclerosis are required.
The insulin doses used in this study differed from those in previous studies. The mean basal insulin dose was 0.16 U/ kg/day and the mean TDD ranged from 0.42 to 0.46 U/kg/ day. These doses were much lower than those used in earlier clinical studies (insulin glargine: 0.30-0.35 U/kg/day; insulin degludec: 0.36 U/kg/day; TDD: 0.67-0.74 U/kg/day). 17, 18 These previous studies were performed in European countries or in the United States. The doses of basal insulin used in the current study were similar to those used in earlier studies of Japanese patients with type 1 diabetes (insulin glargine: 0.21 U/kg/day; insulin degludec: 0.21-0.28 U/kg/day; TDD: 0.54-0.76 U/kg/day). 8, 19 The insulin doses used in the present study appear to be appropriate for Japanese diabetic patients in the insulin-dependent state.
This study had several limitations. The study was of short duration, had a small sample size, and was performed in an open-label manner because the injection devices are easy to distinguish. Despite these limitations, it is thought that the results obtained are reliable because the study was performed in a crossover manner and used CGM.
Conclusions
The results of this study suggest that insulin degludec provides effective and stable glycemic control, similar to insulin glargine, but reduces the TDD and TDBD in Japanese diabetic outpatients in the insulin-dependent state. The small sample size of the study precludes any definitive conclusions, and studies using larger populations and of longer duration are required to confirm the findings.
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